Grand Canonical Monte Carlo (GCMC) method was employed to simulate the adsorption properties of molecular hydrogen on ion-exchanged X zeolites at 100-293 K and pressures up to 10 MPa in this paper. The effect of cation type, temperature, and pressure on hydrogen adsorption capacity, heat of adsorption, adsorption sites, and adsorption potential energy of ion-exchanged X zeolites was analyzed. The results indicate that the hydrogen adsorption capacity increases with the decrease in temperatures and the increase in pressures and decreases in the order of KX < LiX < CaX. The isosteric heat of adsorption for all the three zeolites decreases appreciably with the increase in hydrogen adsorption capacity. The hydrogen adsorption sites in the three zeolites were determined by the simulated distribution of hydrogen adsorption energy and the factors that influence their variations were discussed. Adsorption temperature has an important effect on the distribution of hydrogen molecules in zeolite pores.
Introduction
The utilization of hydrogen as a possible substitute for fossil fuels requires the solution of a number of problems related to hydrogen production, transportation, storage, and fuel cell technology [1] . Among them, safe and efficient storage of hydrogen is very important for hydrogen energy applications. Various methods for storing hydrogen were developed which include high-pressure tanks for gaseous hydrogen, cryogenic vessel for liquid hydrogen, and metal hydride for solidstate storage systems [2] [3] [4] . The first two methods bear the danger of explosion if handled improperly, and the latter one suffers high cost and weight. Recently, attention has been focused on light microporous materials such as carbon [5] , aluminosilicate zeolites [6, 7] , and metal organic frameworks (MOFs) [8] for storing hydrogen by adsorption because the adsorption is reversible and thus the sorbent can be recycled.
Zeolites are a large class of crystalline aluminosilicate materials that have high thermal stability and regular and single size pores and the diameter of the pores can be controlled by changing the size and charge of the exchangeable cations. Thus, they offer enormous potential for storage of gases. The hydrogen storage capacity of various types of zeolites had been reported experimentally and theoretically [9] [10] [11] [12] . However, little attention was previously paid to the distribution of adsorption sites and adsorption potential energy for the molecular hydrogen on zeolites. Li and Yang [13] reported experimentally that the alkali-metal cations (Li + , Na + , K + ) and the framework atoms (Al, O, Si) in ion-exchanged X zeolites were the main adsorption sites of hydrogen. Kazansky et al. [14, 15] investigated the adsorption sites of hydrogen on ion-exchanged X and Y zeolites with various Si/Al ratios by using sorption and DRIFT spectra methods. The results indicated that the adsorbed hydrogen is located mainly at site II and site III inside the FAU zeolite supercages.
However, the studies on hydrogen storage in X type of zeolites are so far only limited to the conditions of the separate temperatures and low pressure owing to not being readily amenable to experiments. It is disadvantageous for our indepth understanding of the mechanism of hydrogen storage in zeolites. Molecular simulation can provide a cost-effective way of determining adsorption isotherms and gives a useful insight into the adsorption behavior of molecular hydrogen inside zeolite channels and pores.
In this study, we performed the adsorption simulation of hydrogen on three alkali-metal and alkali-earth cations ( 
Computational Details
Structures of the initial unit cell of alkali-metal and alkaliearth metal cations (Li + , K + , Ca 2+ ) exchanged X zeolites such as LiX, KX, and CaX (X = Si 96 Al 96 O 384 , Si/Al = 1.0) were constructed according to the results of X-ray crystallographic studies [16] [17] [18] cations), and site II (32 Ca 2+ cations). After constructing the initial structure, we performed energy minimization calculations to determine the equilibrium structures using density function theory (DFT) method that was successfully used to explore hypothetical FAU with dense topologies [19] . DFT calculations were carried out with the code Quantum-ESPRESSO [20] which uses atom centered basis functions that are particularly efficient for total energy studies of very low density materials with very large unit cells. Periodic DFT calculations were carried out using the PBE exchange correlation functional within the GGA approximation. The zeolites with minimized energy were used as adsorbents for hydrogen adsorption.
For hydrogen adsorption on LiX, KX, and CaX zeolites, the force field used was an enhanced version of the polymer consistent force field (PCFF) [21] . Because the host of X zeolite was treated as a rigid structure, with fixed atom positions obtained from the minimized structure, at all simulations, the total energy of the zeolite framework and adsorbed molecules ( total ) is expressed as the sum of the short-range van der Waals (vdW) nonbond interaction energy ( vdW ) and the long-range coulombic interaction energy ( c ):
The vdW interactions between hydrogen and the zeolite framework atoms are represented by Lennard-Jones (LJ) potential with the following expression:
where and are the LJ potential parameters that were obtained from and of each species by using the Lorentz Berthelot mixing rule (i.e., a geometric combining rule for the [24] energy and an arithmetic one for the atomic size: = √ ⋅ and = ( + )/2). is the interatomic distance between the th and th atoms. The LJ potential parameters used in all simulations were summarized in Table 1 .
The coulombic electrostatic interaction energy is the long-range interaction and the model systems are periodic. So Ewald sum was used for c :
where and are the net atomic charges of the th and th atoms, respectively. For the assignment of charges of extraframework cations Li + , K + , and Ca 2+ and framework atoms Si, Al, and O, the values of charges were obtained by using the electronegativity equalization method (EEM), which are taken from the literature as given in Table 2 [25] .
For hydrogen, we used three-point charge model [23, 26, 27] , where the two outer sites are separated by a distance of = 0.7414Å having a charge of = −0.21 [28] and the third midpoint has a point charge of −2 .
All GCMC simulations were performed by employing the Multipurpose Simulation Code (MUSIC) [29] . The loading at a constant pressure and temperature was calculated by attempting, with equal probability, to insert, delete, or translate one H 2 molecule in the simulation cell. Trial moves considered here were the translation, insertion, and deletion of particles [30, 31] . The moves for each run were randomly chosen with equal probability. The random movements of molecules make new configurations, which may be accepted according to Metropolis's sampling scheme. Each structure model consists of one elementary cell with three-dimensional periodic boundary conditions. The cut-off distance for shortrange LJ summation was set to 12 ⊕ which is less than half of the length of the simulation box (25.099Å) and the half of the cell length for Ewald summation was used. The number of GCMC steps was set to 2 × 10 7 for each simulation. The number of trial moves in an MC cycle is equal to the number of adsorbed molecules. Usually, approximately 15% of the cycles were performed for equilibration, and the subsequent cycles were used for statistics. The simulation temperatures included 6 temperatures: 100 K, 140 K, 195 K, 230 K, 260 K, and 293 K. 
Results and Discussion
The hydrogen adsorption isotherms of LiX, KX, and CaX zeolites calculated at the temperatures of 100-293 K and the pressures up to 10 MPa with GCMC method were shown in Figure 1 . All adsorption isotherms obtained under this study are Type I in nature, showing adsorption of hydrogen inside microporous zeolite cavities. As can be seen in Figure 1 , the hydrogen adsorption capacity in terms of mmol/g decreases with increasing temperature within the simulation temperature range. The reason is that the hydrogen molecules have higher kinetic energy at higher temperature; thus, it is required for the larger adsorption potential energy to adsorb hydrogen molecules in zeolite cavities. The effect of pressure on hydrogen adsorption capacity has two-step characteristics. Namely, the hydrogen adsorption capacity rapidly increases with increasing pressure at low pressure (less than 1 MPa), whereafter it increases slowly at high pressure (above 4 MPa).
The hydrogen adsorption capacity of the zeolites at any given pressure decreases in the order of CaX > LiX > KX and basically keeps the same order at all temperatures. The highest hydrogen adsorption capacity at 100 K and 10 MPa was obtained on zeolite CaX and calculated to be 2.31 wt.% through converting mmol/g value in Figure 1 to facilitate subsequent comparison with the literature data. The hydrogen adsorption capacities reported for LiX, KX, and CaX zeolites at above 100 K were very scarce in the literatures. Li and Yang [13] and Wang and Yang [32] reported that the hydrogen storage capacities on Li + , Ca 2+ , and Mg 2+ ion-exchanged X type zeolites at 298 K and 10 MPa were 3 wt.%, 0.5 wt.%, and 0.27 wt.%, respectively. In this work, the calculated values of hydrogen storage capacity at 293 K and 10 MPa for LiX and CaX zeolites are 0.3 wt.% and 0.76 wt.%, respectively, as can be seen in Figure 1 . There are two possible reasons for the aforementioned difference. Firstly, the unit cell structures used in simulation studies are perfect crystalline. However, the experimentally used Li + , K + and Ca 2+ cation exchanged zeolite samples are not always perfect crystalline. Cation exchange may result in partial breaking of the cages with the smaller window diameter, such as -cage with six-member ring (about 2.6 ⊕). The hydrogen molecules can enter the cages. This could be the main reason for observance of higher hydrogen adsorption capacity from experimental results as compared with simulation calculations. However, preparation of such a sample is not practically feasible as zeolite samples lose crystallinity on cation exchange. Secondly, we used force field based simulation for the adsorption isotherm generation in which nonbonded interactions like van der Waals and coulombic interactions were considered. However, different parameterizations of the LJ potentials for the Al, Si, O, and metal cations of the zeolite X have been proposed in the literature on a theoretical basis, for instance, in [ 23, 24, 33] . They were used in simulation of gas adsorption, and sometimes were modified in order to achieve a better agreement between simulation and experimental results. In our simulations, the estimation of LJ parameters used for the simulation of hydrogen adsorption in the Li + , K + , and Ca 2+ exchanged zeolites also has influence on the calculated hydrogen adsorption capacity.
In order to investigate the effect of cation exchange on the hydrogen adsorption, the curves of the number of hydrogen molecules per cation charge versus pressure at 100 K for Li + , K + and Ca 2+ exchanged X zeolites were simulated as shown in Figure 2 . The profile of these curves is similar to that of the corresponding hydrogen adsorption isotherms shown in Figure 1 . In the pressure range from 0 to 0.785 MPa, the number of hydrogen molecules per cation charge follows the order LiX > CaX > KX, whereas the order changes to CaX > LiX > KX in the pressure range from 0.785 to 10 MPa. As a result, a "crossover" of the hydrogen adsorption isotherm curves for CaX and LiX zeolites appears. This trend of hydrogen adsorption in these zeolites may be explained by Franekel's [34] earlier observations and postulation that hydrogen uptake in zeolites was related to the available void volume per gram of zeolite which decreases with increasing size and number of the exchangeable cations. The KX containing larger alkali-metal K + cations has the same number of exchangeable cations as that of LiX but occupy a substantially bigger space, with a consequent reduction in void volume available for hydrogen adsorption. However, when Na + cations in NaX are replaced by alkaline-earth metal divalent cations (i.e., Ca 2+ ), the number of cations in zeolite decreases; thus the available void volume increases accordingly. Hydrogen uptake had previously been shown to be related to the micropore volume in zeolites [7] . The available void volume is related to the number and size of exchangeable cations [34] . In general, zeolites containing alkali-metal and alkaline-earth metal cations have a large number of exchangeable cations, which occupy a substantial volume, with a consequent reduction in the space available for hydrogen uptake. Maurin et al. [35] reported that the micropore volumes of Li + , K + , and Ca 2+ exchanged X (Si/Al = 1.0) zeolites were 0.272, 0.204, and 0.324 mL⋅g −1 , respectively, by using nitrogen adsorption at 77 K. This may explain that larger and more cations may limit the available void volume by occupying more space themselves, which results in the lower hydrogen uptake. However, in a more confined system, adsorption may cause variation of the available void volume (due to varying sizes of pores). At low pressure, the adsorption is stronger due to the enhanced interaction of hydrogen molecules with the pore walls for the smaller pores, such as LiX and KX zeolites in this work. However, the pore volumes are small for LiX and KX zeolites. As the adsorbed amount increases, the "smaller" pores are more easily saturated or blocked. Thus, the amount adsorbed in small pores is lower at higher pressure. This usually creates a "crossover" of adsorption isotherm curves for pores of varying sizes.
We have also calculated the isosteric heat of adsorption by using the Clausius-Clapeyron equation from the isotherms at various temperatures (the hydrogen adsorption capacity is in the range of 0.02-0.7 mmol⋅g −1 at low pressure range below 1 MPa.; see Figure 1 ). Figure 3 illustrates the relationship between the isosteric heat of adsorption and the hydrogen adsorption capacity. The isosteric heats of adsorption of these zeolites are around 4-6 kJ⋅mol −1 indicating physisorption mechanism. As shown in Figure 3 , the influence of isosteric heat of adsorption on the hydrogen uptake values is similar for the three zeolites. Weinberger et al. [33] reported that the average heats of adsorption varied between 5.5 kJ⋅mol
and 7.5 kJ⋅mol −1 for the Li-LSX zeolites with different ratio of cation exchange. Li et al. [36] reported that the isosteric heats of adsorption for hydrogen on Zn 2+ and Ni 2+ cations exchanged X zeolites were 3.6-5.0 kJ⋅mol −1 . Moreover, for parent materials NaX, the isosteric heat of adsorption for hydrogen was in the range of 3.5-7.0 kJ⋅mol −1 [37] [38] [39] . This indicates that our calculated results are in good agreement with the experimental results reported in the literature.
As also shown in Figure 3 , the isosteric heats of adsorption on all the three zeolites decrease appreciably with the increase in hydrogen adsorption capacity. This could be attributed to the energetic heterogeneities of the adsorbents [40] . For heterogeneous surfaces in the micropores of some adsorbents such as CMS and activated carbon, vertical interactions between the solid surface molecules and gas molecules decrease as the adsorption capacity increases [41] . The X and A types of zeolites are energetically heterogeneous, which could be caused by nonuniform distribution of silicaalumina in the framework, location, and distribution of one or more cations of different charge densities in the framework and presence of trace water in the cages, and so forth [40] . Moreover, the isosteric heat of adsorption for the three zeolites follows the order of LiX > CaX > KX at the same adsorbed amount (for 0.02-0.7 mmol⋅g it is illustrated that the interaction between hydrogen and zeolites pore wells (or cations) is in the order of LiX > CaX > KX at low pressure, implying that the smaller cations are able to produce a stronger electrostatic field to polarize the symmetric hydrogen molecules. Figure 4 illustrated the distribution of hydrogen adsorption energy at 100 K and pressures = 0.01, 0.1, 0.5, 5, and 10 MPa for LiX, KX, and CaX zeolites. For a given zeolite, only one main binding energy peak was observed and its center shifted from the high energy position to low energy position by increasing pressure. It is indicated that there are also two types of adsorption sites for hydrogen adsorption in X zeolites and the effect of the pressure (loading) on adsorption energy becomes important at 100 K. At low pressure, hydrogen molecules are adsorbed preferentially on the higher binding energy sites, such as the site II and III cations and the oxygen atoms of the framework, and these sites are relatively more quickly saturated than the lower binding energy sites, such as preadsorbed hydrogen and the inner pores of zeolite away from the surface. These were confirmed by the observation of the mass density plots as shown in Figure 5 . As the pressure increases, hydrogen molecules gradually cover the lower binding sites around preadsorbed hydrogen and the inner pores of zeolite away from the surface. Eckert et al. [42] revealed that hydrogen adsorption sites in NaX zeolite were distributed near site II and III cations determined by the inelastic neutron scattering (INS) technology. Kazansky et al. [14, 15] also confirmed that the adsorption sites of hydrogen on ion-exchanged X and Y zeolites were mainly at site II and III cations inside supercages of the zeolite framework and the adjacent basic oxygen anions by using DRIFT spectra method. For the temperatures of 140 K and 195 K, the distribution of hydrogen adsorption energy at pressures = 0.01, 0.1, 0.5, 5, and 10 MPa for LiX, KX, and CaX zeolites follows the same trend as that at 100 K. Figure 6 shows the distribution of hydrogen adsorption energy for LiX, KX, and CaX zeolites at 293 K. At 293 K, one main binding energy peak was observed for these zeolites same as the situation at 100 K. However, the positions of these binding energy peaks are not affected by the pressure. It seems that the high binding energy sites (the extraframework metal cations) become less effective to firmly hold the hydrogen molecules at higher temperature. And the oxygen atoms of zeolite framework are the stable adsorption sites. This phenomenon was confirmed by the analysis of mass density distribution at 293 K, as shown in Figure 7 . The increased temperature induces hydrogen molecules to be distributed more broadly at weak interaction sites due to the increased kinetic energy. Prasanth et al. [43] found that the physical adsorption of the cations in RhX and NiX zeolites to H 2 is negligible at 303 and 333 K, and the observed hydrogen adsorption is due to the chemisorption on nickel and rhodium metals. For the temperatures of 230 K and 260 K, the distribution of hydrogen adsorption energy at pressures = 0.1, 0.5, 5, and 10 MPa for LiX, KX, and CaX zeolites follows the same trend as that at 293 K.
Conclusions
Our simulation results based on GCMC method at 100-293 K and pressures up to 10 MPa reveal that Li + , K + , and Ca
2+
exchanged X zeolites are promising materials for hydrogen storage. The hydrogen adsorption is affected mainly by the type of cations exchanged in the framework structure at the same temperature and pressure. Ca 2+ exchanged X zeolite exhibited the higher hydrogen adsorption capacity than those of Li + and K + exchanged X zeolites. This can be attributed to the larger available micropore volume, fewer Ca 2+ , and smaller cation radius of Ca 2+ for CaX zeolite. Upon further analysis of the simulation results, we believe that the site II and III cations and oxygen atoms of the framework are the main adsorption sites of hydrogen molecules at lower temperature, whereas the stable adsorption sites are only oxygen atoms of zeolites framework at higher temperature. Therefore, elevation of adsorption energy and increase of stable adsorption sites are the main future aspects for the design of new hydrogen storage materials by introducing the new extraframework metal cations into zeolites.
